A study was presented in this paper on porous structure with microsize holes significantly smaller than laser spot on the stainless steel 304 target surface induced by a picosecond Nd:van regenerative amplified laser, operating at 1064 nm. The target surface variations were studied in air ambience. The estimated surface damage threshold was 0.15 J/cm 2 . The target specific surface changes and phenomena observed supported a complementary study on the formation and growth of the subspot size pit holes on metal surface with dependence of laser pulse number of 50-1000 and fluences of 0.8 and 1.6 J/cm 2 . Two kinds of porous structures were presented: periodic holes are formed from Coulomb Explosion during locally spatial modulated ablation, and random holes are formed from the burst of bubbles in overheated liquid during phase explosion. It can be concluded that it is effective to fabricate a large metal surface area of porous structure by laser scanning regime. Generally, it is also difficult for ultrashort laser to fabricate the microporous structures compared with traditional methods. These porous structures potentially have a number of important applications in nanotechnology, industry, nuclear complex, and so forth.
Introduction
The application of lasers surface structure fabrication to different materials including metal is of great interest. With the appearance of ultrashort laser in 1990s, material/metal surface texturing gained a whole new dimension. From that moment, it became possible to touch three time regimes from fs, ps, to ns [1] . Surface structure fabrications by ultrashort laser have been paid serious attention because it can manufacture structures with sub-spot size and can provide greater flexibility in fixing the position of ablated areas [2, 3] . They have widely potential applications in the fields of physics, chemistry, and materials, such as enhancing light absorption [4] , improving catalytic action [5] , and strengthening tribological and hydrophilic properties [6] .
In the recent years, the fabrication of the micro-and nanosized periodical structures on the surface of materials by laser radiation with intensity exceeding the melt threshold has been intensively studied [7] [8] [9] . Periodic patterns of the ripples are often referred to as one of the most common laser-induced periodic surface structures (LIPSS). Some pit holes with diameters significantly smaller than laser spot are often observed during LIPSS fabrication on material surface [10, 11] . So far, many studies have been carried out on LIPSS formed by laser pulses [7] [8] [9] . However, a detailed study on the origin and development of these pit holes is rare, but some underlying physical effects have been preliminarily investigated by pump-probe microscopy on a Ta 2 O 5 /Pt layer system on glass substrate [12] . Fan and Zhong found that specific porous coral-like structures on Cu by picosecond can enhance broadband absorption [13] , and Zhao and Zhang found that the porous structure on MoO 3 films can be used for supercapacitors [14] .
In this work, a complementary study was presented on the influence of the laser pulse number and fluence on the formation and growth of these subspot size pit holes on metal surface. Nano/micrometer-sized holes were found to be formed under specific irradiation conditions. A comparison of these experimental results based on the currently accepted mechanism revealed the evolution of the holes.
Experimental
The laser system (High-Q IC-1500) based on a regenerative Nd:van amplifier using chirped pulse amplification technique provides high-intensity picosecond laser pulses for the experiment. The pulse duration of the output beam from amplifier is 10 ps with nominal wavelength at 1064 nm. The laser system delivers ∼0.3 mJ per pulse at 1 kHz repetition rate and = 1064 nm, 10 ps pulse length, and observed bandwidth Δ ∼5.5 nm. The power density distribution of the laser beam is Gaussian with a measured 3D Gaussian fit parameter of ∼0.87. The IR (1064 nm) radiation can be converted into green (532 nm) by a Second Harmonic Generator (SHG) unit. The experimental setup is depicted in Figure 1 . The laser power is adjusted by using a combination of a half-wave plate and a linear polarizer. A pyroelectric detector is used to inspect the laser power in real time with a beam splitter. The number of pulses is programmable using an electromechanical shutter control. The laser beam are focused and normally irradiated onto the surface of sample using -theta lens ( = 150 mm). A motorized stage controlled by computer is used to get a precise positioning of the samples.
The experiment was performed on the stainless steel 304 which is widely used in industry. Firstly, the surface of the steel sample was mechanically polished with sandpaper with a grit size of 2500 grooves/mm and subsequently fine polished with the Alumina powder with an average particle size of ∼500 nm. After the polishing process, the sample was cleaned in an ultrasonic bath firstly by acetone to remove oily contaminants for 10 minutes and subsequently by alcohol for 10 minutes. Finally, the sample was rinsed with distilled water and dried by nitrogen.
In experiments, all the laser ablation experiments were performed in air. The samples were irradiated by a series of laser pulses with the different fluence and pulse number at wavelength 1064 nm and 1 kHz repetition rate. After laser irradiation, the ablated surfaces of the samples were inspected with a Scanning Electron Microscope (SEM: Hitachi SU-8010) and Energy Dispersive X-ray (EDX) which is the component of SEM. For a detailed 3D characterization of multipulse laser ablated craters, Laser Confocal Scanning Microscopy (LCSM: Olympus OLS-400) imaging was used.
Results and Discussions
The surface of the stainless steel 304 had a typical silvergrey metallic color before irradiation. The investigation of the effect of picosecond laser on target morphological changes was started with a series of the spot irradiated by different pulse numbers N and fluences F. It was interesting to find that some sub-spot holes are formed at the bottom of some ablated crater under the certain situations. Figure 2 shows SEM images of craters ablated by picosecond laser with fluences = 0.8 and 1.6 J/cm 2 and the pulse number N = 500. The specific surface morphology of the ablated craters can be observed in SEM images. Figure 3 shows LCSM images of ablated craters for laser fluences of 0.8 and 1.6 J/cm 2 with 500 pulses. 3D feature is shown in the LCSM images with typical cross-sectional graphs taken along the crater centre at the right-hand side of each image.
Generation of Holes Depended on Laser Fluence .
For the fluence of 0.8 J/cm 2 , microholes on the irradiated surface are shown in Figures 2(a) and 3(a) . These pit holes varied in dimension with the dependence of the Gaussian laser energy distribution field. Holes with the average diameters of ∼1.5 m are observed in the center of ablated crater (lefthand inset SEM images in Figure 2 (a)); while near the edge of ablated crater, pit holes with the average diameter of ∼0.9 m also appear among the ripples (right-hand inset SEM images in Figure 2 (a)). All holes seem to be regularly lying along lines which are directed almost perpendicular to the ripples, and the average distance between two adjacent holes ∼3.6 m led to hole-lying lines with period ∼3.6 m. These periodic holes were also observed in previous report while in-depth analysis was absent [11] . At the outer edge of ablated crater, ripples just remain because of the lower fluence. The depth of ablated crater reaches ∼7 m, but the depth of pit holes in the center of ablated crater bottom is very small.
When the fluence increased to 1.6 J/cm 2 , morphology of the microholes had a significant change as shown in Figure 3 (a), the average depth of ablated crater seems to be decreasing obviously; however, the depth of microholes on the crater bottom reaches ∼9 m. A lot of microholes with large depth and diameter make the quality of the crater bottom worse in roughness, as shown in Figure 3 (b). It is also inferred that formation of holes in center of ablated crater in Figure 3 (b) may be explained by a mechanism that the rapid cooling and resolidification after overheated liquid explosion which differs from the moderate characterization in Figure 3 (a). Irradiation on the target sample was performed in air atmosphere; therefore, the oxygen content in the irradiated region is expected to increase. For monitoring of the target constituents, including oxygen, before and after the irradiation of laser pulses, EDX method was used; and the elemental analysis was carried out along the ablated crater at 3 points in Figure 2(a) . The results obtained are given in Table 1 . Generally, irradiation of the sample laser resulted in the increase of oxygen content and the decrease of carbon content from the periphery towards the center (Table 1, Figure 2(a) ). This result implies a relatively efficient removal of carbon from the steel surface.
Figure 2(b)). Compared with
As shown in Figures 2 and 3 , morphologies of the different pit holes in different laser irradiated regions indicate that the hole-formation significantly depends on laser fluence. So it is necessary to understand the effect of laser fluence.
Damage threshold is defined as the minimum laser energy/fluence necessary for creating detectable damage on the material surface. Based on the micrographs of craters ablated by different numbers of pulses (1-500) and fluences (0.2-1.7 J/cm 2 ), the damage thresholds of the target were determined for different numbers of pulses, as shown in Figure 4 . These damage thresholds and focused beam radius can be evaluated using the method given in references [10, 15, 16] . The focused beam radius 0 was calculated to be ∼45 m.
The region of holes did not obviously increase with the increase of the number of pulses. The surface morphology ablated by 500 pulses was used to predict the formation of pit holes dependence of a Gaussian spatial beam fluence profile, which is schematically presented in Figure 5 . The fluence of each ablate crater has a Gaussian profile, shown in Figure 5 (a). F th2 is the threshold for random pit holes and F th1 is the threshold for periodic pit holes. F th1 or F th2 can be calculated by the following equations:
where pk 0 is the peak laser fluence (the fluence at the center for = 0), is laser pulse energy. Based on the surface morphologies in Figures 2(a) and 2(b) , F th1 and F th2 are ∼0.76 J/cm 2 and ∼1.2 J/cm 2 , respectively. During laser interaction with metals, when the laser fluence is significantly higher than multipulse damage threshold, the thermal diffusivity cannot be neglected [17, 18] , and a series of thermal effects such as melting, vaporization of molten material, and dissociation, can be generated on the target [19] . Here a calculation for thermal effects based on two temperatures in ablation process is presented [1] . Considering the following set of parameters for the stainless steel 304 (density = 7.93 g/cm 3 , heat capacity C = 605 J kg
calculated at an average temperature of T = 1005 K between room temperature T 0 = 298 K and the melting temperature T = 1713 K [20] , and the thickness d abs equaled to the laser optical energy penetration depth of −1 = 20 nm [21] ), the relationship between the temperature and the pulse fluence can be obtained using the equation of ΔT = F/( C d abs ) [10] . During laser acting on the thick material surface layer, only about 10% of the incidence energy fluence is absorbed [22] , and the rest is used for the expanding plasma to move into the ambient air with a small part lost in radiation [23, 24] . Thus, it is easily calculated that the pulse fluence of 0.147 J/cm 2 can cause surface melting and the fluence of 0.283 J/cm 2 can cause surface vaporizing. The theoretically calculated threshold 0.147 J/cm 2 agrees with the experimentally calculated threshold 0.150 J/cm 2 well. According to the above analysis, the laser fluences 0.80 and 1.6 J/cm 2 used in Figures 2 and 3 are enough to vaporize the material in skin surface and conduct heat into the bulk of material. Thermal diffusivity indeed occurs.
As the fluence increases from 0.8 to 1.6 J/cm 2 , the depth and dimension of pit holes increase. However, the formation of pit holes can be obviously divided into two phases based on the characteristics of pit holes and adopted laser fluences. In phase I, for low fluences (0.76 < F < 1.2 J/cm 2 ), more laser energy irradiation makes a growth of periodic pit holes from ∼0.9 to ∼1.5 m. The formation of these periodic holes may be resulted from Coulomb Explosion [5] during locally spatial modulated ablation. Compared with ripples, the holes have a superiority in absorbing laser energy, which promotes an increasing size of pit holes for prompted dissolution of bubbles of materials after irradiation. In phase II, for high fluences (F > 1.29 J/cm 2 ), the random pit holes present a characteristic of overheated liquid explosion, which differs from phase I. So the creation of holes in phase II may be explained by the phase explosion [25, 26] . 
Surface Morphology of Ablated Craters Evolution with
Number of Pulses. The section above has discussed two kinds of pit holes, the periodic and random ones, and their causes under the action of different fluences. The following content mainly discusses the role of the pulse number during the formation of pit holes. Figure 6 shows an analysis of the surface morphology of ablated craters irradiated by multiple (N = 50-1000) laser pulses with two fluences (0.8 and 1.6 J/cm 2 ). It is found that two kinds of pit hole formation both depend on the number of pulses. As the number of pulses increases from 50 to 500, a transition of main surface structures occurs from ripples (Figures 6(a) and 6(b)) to pit holes (Figures 6(e) and 6(f) ). However, due to different mechanisms in two kinds of pit hole formation (discussed in Section 3.1), for F = 0.826 J/cm 2 and N = 1000, the size of periodic holes increases, and eventually they join together and form channels (Figure 6(g) ). These channels also can be deemed a type of periodic surface structure. For F = 1.650 J/cm 2 and N = 200-500, from Figures 6(d) and 6(f), holes start to form between the center and edge of the ablated crater, whose resolidification is obviously presented in the center; laser with the highest intensity in the center of the beam spot can be mainly used for material removal in the effective penetration depth, which causes less mix of gas-liquid and burst of bubbles in the molten bottom of ablated crater. When N reaches 1000, the size of random holes also increases and the surface of ablated crater presents porous with resolidification. Images in Figure 6 show that the depth of ablated crater increases obviously but the distribution area of pit holes does not obviously increase with the increasing number of the pulses. Figure 7 shows that the diameter of periodic/random holes increases with the increasing number of the pulses from 200 to 1000. It is interesting that both of the periodic pit holes and the random pit holes begin to appear at 200 pulses; likewise the ablation threshold tends asymptotically to a constant value at 200 pulses, as shown in Figure 4 . It is inferred that the first 200 pulses results in a stable ablated material status and then subsequent pulses have excess energy to reinforce the formation of pit holes.
During laser interaction with metals, the laser energy is absorbed primarily by free electrons [18] . The absorbed radiation energy in the skin layer involves thermalization of electrons. Part of the electron energy is transferred into the bulk in the form of heat, while the later part is transferred to the lattice subsystem. In the first case, the electron diffusion process is essential. Finally, if the initial laser fluence is sufficient, surface damage/ablation will take place. In our experiments, for laser pulses with fluence higher than 0.283 J/cm 2 , a single pulse could generate the afterheat, which made a rise of temperature in skin layer of ablated crater. However, the afterheat from a single pulse was not enough for the burst of bubbles in molten material. Seen in Figure 5 , the most dramatic decrease of the ablation threshold presents the most dramatic decrease during the first 200 laser pulses: the single pulse ablation threshold of 0.247 J/cm 2 is reduced to 0.151 J/ cm 2 , which is an almost 38% decrease, when 200 laser pulses are applied. As the number of pulses exceeds 200, the threshold fluence tends asymptotically to a constant value of ∼0.150 J/cm 2 in this case. After first 200 pulses, the subsequent pulses do not have to use most energy to ablate surface material so that afterheat accumulated promotes the generation of pit holes. So 200 pulses irradiated are necessary for the generation of pit holes. From the different cases among Figures 6(c)-6(f) , the optimal number of pulses to form holes for the corresponding fluence needs further study.
Porous Structures of Ablated Craters Affected by Other
Experimental Conditions. The morphological changes induced by picosecond laser on the stainless steel 304 target primarily have shown their dependence on the laser fluence and the number of accumulated pulses, and they are also affected by other factors, such as laser beam characteristics (wavelength, pulse length) and laser irradiation environment (in air atmosphere or in vacuum).
Metals are surface absorbers, with low ionization potential, high electron number density, and higher absorption coefficient for shorter wavelength laser [27] . It means that the morphology of subspot size holes will change with the varying laser wavelength. In order to confirm this inference, the sample surface characteristics are compared after the irradiation of 532 nm and 1064 nm wavelength laser, as shown in Figure 8 . The experimental result shows the close dependence of the spacing of these periodic holes and the wavelength of incident laser pulses: subspot size holes produced by 532 nm laser pulses have a period ∼1.8 m, which is about half of the ones produced by 1064 nm laser pulses.
In pulsed laser ablation, depending on the respective pulse length range, different beam-matter interaction mechanisms become dominant [1] . For laser pulses in the microand nanosecond range, the ablation process is dominated by heat conduction, melting, evaporation, and plasma formation [19] . Ultrashort pico-and femtosecond laser pulses (where thermal diffusion into the material is small) were used, the generated vapor becomes rapidly ionized [19] , and due to the short interaction time, the material cannot evaporate continuously but can be transferred into a state of overheated liquid for the phase explosion [25, 26] . From above, long pulse length may lead to bubbing in molten liquid for mild random holes.
Irradiation of the target sample in this paper was performed in air atmosphere; if in vacuum, the oxidation reaction on the surface can be neglected with absence of the oxide [28] . Ultrafast laser ablation in vacuum leads to the bubbles of materials directly produced from the irradiated material through phase explosion and their flying away from the target surface ahead of the plume with a characteristic velocity of ∼10 4 m/s [29] . Therefore, it is inferred that subspot size holes with larger size will be obtained.
Preparation of Large-Area Porous Structures.
In order to explore the effect of porous structures as a kind of functional modified surface structure, the preparation of large-area porous structure is presented. According to the processing parameters discussed above, we choose F = 1.1 J/cm 2 and V = 0.174 mm/s (the effective number of pulses in a fixed position during laser scan N = 500) for a large scanned area of porous structure, as shown in Figure 8 . Pit holes are formed on the surface of the scanned area, which have the average diameter of ∼5 m (as shown in inset SEM image of Figure 9 ). And the processing technology for laser scan forming porous structure in large area remains need to be further optimized.
After preparing large-area porous structures, the surface is modified for the hydrophobic surface by fluoroalkyl silane. It is seen that the surface has a contact angle of 151.3 ∘ , as shown in Figure 10 . Therefore, the porous structure surface has wettability. In addition, porous structure may have many other important applications such as lighting absorption and abrasion resistance, which will be the focus of the future research.
Conclusion
A study was presented about local morphological changes on the stainless steel 304 target surface induced by a picosecond Nd:van regenerative amplified laser, operating at 1064 nm. It was shown that laser pulses in the fluences of ∼0.8 and 1.6 J/cm 2 and the numbers of pulses N = 100-1000, in air, induced specific morphological changes at the stainless steel 304 target. High energy treatment (1.65 J/cm 2 , 500 pulses) resulted in the formation of sub-spot hole with the size of ∼5-3 m, while the reduced energy (0.824 J/cm 2 , 500 pulses) led to the creation of sub-spot periodic holes with the size of ∼1.5-1 m. The experimental results prove that the formation of sub-spot holes on the target depends not only on the number of pulses but also on laser fluence. Although 200 pulse irradiation can cause an initial to form these sub-spot holes, the formation of holes can be obviously divided into 2 phases based on characteristics of holes and energy conditions for their formation. For fluences (0.76 < < 1.2 J/cm 2 ), more irradiating laser energy makes a growth of periodic structures from pits ∼300 nm to holes ∼1.5 m, finally to periodic groove; for fluences ( > 1.2 J/cm 2 ), the holes present a characteristic of overheated liquid explosion without period and have a larger size.
Generally, it can be deduced that the sub-spot holes with a homogeneous distribution across the whole modified area can have a number of important applications in nanotechnology, industry, nuclear complex, and so forth. Thus, preparation of sub-spot porous structure homogeneously distributed across the whole modified area in large area will be the main direction of our future study.
